Charge-transfer complexes involving TTF (tetrathiafulvalene) and TCNQ (tetracyanoquinodimethane) derivatives are engineered in a 2D arrangement onto a carbon surface through the exposure of immobilized TTF units to TCNQ compounds. TTF molecules were immobilized as robust monolayers on carbon surfaces using the electrografting method followed by a click chemistry coupling. When the TTF monolayer is exposed to TCNQ, TCNQF 2 (2,5 difluoro-TCNQ) and TCNQF 4 (2,3,5,6 tetrafluoro-TCNQ), strong donoracceptor complexes are formed onto the surface. A considerable decrease of the electrochemical response accompanies the formation of the charge transfer complex. This observation is rationalized by the analysis of original crystal samples using an ultramicroelectrode cavity, confirming that charge-transfer complexes are electrochemically silent. A fine control of the degree of charge transfer with the judicious choice of different acceptors is evidenced through electrochemical and XPS measurements. Thus, donor-acceptor complexes of different nature are formed. A fully ionic charge-transfer complex is formed upon exposure of the TTF monolayer to the more oxidizing TCNQF 4 , while a neutral complex is obtained after exposure to the less oxidizing TCNQ. Exposition of the TTF monolayers to the intermediate TCNQF 2 yields a mixture of neutral-ionic systems. These donor-acceptor interactions that fully mimic those described in the solid-state are rarely described in such a 2D arrangement, with systems being directly wired to an electrode.
Abstract
Charge-transfer complexes involving TTF (tetrathiafulvalene) and TCNQ (tetracyanoquinodimethane) derivatives are engineered in a 2D arrangement onto a carbon surface through the exposure of immobilized TTF units to TCNQ compounds. TTF molecules were immobilized as robust monolayers on carbon surfaces using the electrografting method followed by a click chemistry coupling. When the TTF monolayer is exposed to TCNQ, TCNQF 2 (2,5 difluoro-TCNQ) and TCNQF 4 (2,3,5,6 tetrafluoro-TCNQ), strong donoracceptor complexes are formed onto the surface. A considerable decrease of the electrochemical response accompanies the formation of the charge transfer complex. This observation is rationalized by the analysis of original crystal samples using an ultramicroelectrode cavity, confirming that charge-transfer complexes are electrochemically silent. A fine control of the degree of charge transfer with the judicious choice of different acceptors is evidenced through electrochemical and XPS measurements. Thus, donor-acceptor complexes of different nature are formed. A fully ionic charge-transfer complex is formed upon exposure of the TTF monolayer to the more oxidizing TCNQF 4 , while a neutral complex is obtained after exposure to the less oxidizing TCNQ. Exposition of the TTF monolayers to the intermediate TCNQF 2 yields a mixture of neutral-ionic systems. These donor-acceptor interactions that fully mimic those described in the solid-state are rarely described in such a 2D arrangement, with systems being directly wired to an electrode.
INTRODUCTION
Organic charge transfer complexes are a class of molecular conductors that have been widely studied for their conducting and magnetic properties. 1, 2, 3, 4, 5, 6, 7 The charge-transfer behavior between an electron donor and an electron acceptor is generally investigated in 3D solidphase systems, either organic crystals 1, 3, 4, 5 or more recently at the interface between two crystals 8 , 9 or between a powder in contact with a single crystal. 10 Charge-transfer complexes could be also processed as Langmuir-Blodgett films, where the donor-acceptor organization allows the formation of high quality monolayers films with appealing conducting and magnetic properties. 11 As illustrative example, a covalent TTF(tetrathiafulvalene)-TCNQ(tetracyanoquinodimethane) diad exhibits an extremely low HOMO-LUMO gap, leading to facile electron transfer with five stable redox states. 12 More rarely, these systems have been engineered as self-assembled monolayers (SAMs), 13, 14, 15, 16, 17, 18, 19, 20 despite the great interest of the strategy for realizing integrated devices. Indeed, SAMs would permit to organize charge-transfer complexes in an optimized 2D film structure, hence promoting cooperative properties. As donor molecules, TTF and its derivatives are almost ubiquitous in the field because of a good chemical stability, an accessible synthesis of the building blocks and their remarkable donor properties. 1 The electron rich TTF molecules (and derivatives)
could efficiently associate to electron-deficient acceptors like TCNQ derivatives to form charge transfer complexes. 1 These complexes have remarkable electronic properties that can serve to build high electrically conductive system 21 or molecular rectifier. 22, 23 Yet, a key question is to know how the special properties of TTF in solution or of TTFbased crystal solids are transferred to surface-confined species. 24 In this context, the formation of a donor-acceptor complex was examined for SAMs of TTF alkylthiols chemisorbed on gold surfaces in presence of different acceptors like TCNQ. 13, 15, 16 However, cyclic voltammetry analyses have revealed a puzzling behavior of these SAMs since the immobilized TTFs lost their electroactivity after exposure to TCNQ. 16 A clear decrease of the oxidation current upon addition of TCNQ was reported. Authors concluded that only "free" TTFs, i.e. TTFs that were not involved in the donor-acceptor interactions, could contribute to a detectable electrochemical response but the origin of the phenomenon remained unclear.
Note that the formation of a charge-transfer complex between TTF derivatives and TCNQF 4 , evidenced by micro-Raman spectroscopy, has led to a comparable decrease of the current response in presence of the acceptor but by using an ITO substrate. 25 The main difficulties for understanding these observations are the relative fragility of SAMs on gold and the dynamic nature of the layer that could easily reorganize when a functional group or other bulky constraints are introduced on the layer. For example, it is common to substitute an alkylfunctionality in a prepared SAM by simply soaking the modified surface in a solution containing a different alkyl-thiol. 26 Among possible surfaces for immobilizing a redox molecule, carbon materials are substrates of choice because they could be functionalized through a covalent link between the molecule and the substrate, allowing a particularly robust immobilization of the molecule. 27 Carbon substrates present also interests for preparing materials with new properties as recently exemplified with the modification of graphene layers by TTF derivatives. 28 The electrografting of aryldiazonium salts is a convenient approach for modifying carbon surfaces.
The modification is based on the electrochemical production of transient reactive phenyl radicals at the vicinity of the carbon electrode surface that are able to attach on the carbon materials. 27 To control the structure and the vertical extension of the layer, we have recently proposed a two-step method based on a bulky protected precursor, 4-((triisopropylsilyl)ethynyl) benzenediazonium tetrafluoroborate (TIPS-Eth-ArN 2 + ). 29 After removal of the TIPS group, a dense reactive ethynyl-terminated monolayer is obtained and could be post-functionalized by using the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition with a variety of organic molecules containing an azido group. Interestingly, the distance between functional groups is controlled by the size of the leaving protecting group. 30 In this work, we took benefit of this strategy for preparing well-organized, covalently attached TTF monolayers bridged with alkyl chain of different length (propyl, pentyl and decyl, i.e. C 3 , C 5 and C 10 , respectively) on a carbon surface. . Survey spectra (0-1000 eV) were acquired with an analyzer pass energy of 80 eV (0.5 eV/step); high-resolution spectra used a pass energy of 20 eV (0.1 eV/step). Binding energies were referenced to C1s peak at 285 eV. The atomic percentage for surface composition was estimated using the integrated peak areas in the survey spectra; the peak areas were normalized by the manufacturer-supplied sensitivity factor. The core level spectra were peak-fitted using the CasaXPS software, Ltd., version 2.3.17). Three TTF derivatives with different alkyl-chain linkers (propyl (C 3 ), pentyl (C 5 ) and decyl (C 10 )) were immobilized on the carbon surface following a previously published procedure as depicted in Scheme 1. 29 The C n -TTFs functionalized with azide groups were coupled to the reactive ethynyl monolayer by "click chemistry". Figure 1 shows the cyclic voltammetry in dichloromethane containing 0.2 mol L -1 TBAPF 6 recorded after copious rinsing of the modified electrodes. For the three layers, two successive well-defined redox processes are observed and are characteristic to the reversible oxidation of the TTFs to their cations and to their dications, respectively (Table 1) . 1 For the three modified surfaces, the intensity of the peak currents varies linearly as a function of the scan rates as expected for a surface-confined redox couple. 36 Moreover, the TTF layers present good electrochemical stability upon cycling, the cyclic voltammetry experiments could be repeated more than 10 times without any significant variation (See Figure S1 in the supplementary section). By integration of the faradaic oxidation current, surface concentrations were estimated to 5 (± 2) × 10 -10 mol.cm -2 based on repeated measurements. Considering the roughness of a glassy carbon electrode (typically the roughness factor is 2-2.5 for a carefully polished electrode), 30 this value confirms that relatively dense monolayers of TTF are obtained. The surface concentration of an ideal close-packed monolayer of TTF was reported to be 3.6 × 10 -10 mol cm -2
. 13 However in our case, the maximum packing of the TTF units is imposed by the steric hindrance of the TIPS protective group, hence leading to a surface concentration equal to 2.3 × 10 -10 mol cm -2 for an ideal hexagonal compact arrangement. 30 The experimental value found is in a fairly good agreement with this theoretical value. The overall shape of the cyclic voltammetry differs from those previously reported for the oxidation of alkylthiol-TTF monolayers on gold (SAM). 26, 38, 24 While the chemical stability and redox activity of the TTF are generally kept after immobilization in SAMs, 26, 37 their electrochemical characteristics are considerably modified. Notably, the peak shapes and widths are affected, depending on the oxidation states of TTF, on the organization of the TTF units in the layer and on the electrolyte media. 26, 38 These effects were ascribed to the interactions between the TTF moieties, and could be easily In our experiments, the second redox peak is also narrower than the first one, but shapes of the two processes are more comparable, with FWHM larger than those reported for the TTF SAMs on gold. All these observations correspond to weaker interactions between the TTF moieties. It is likely that the covalent grafting of our arylethynyl platform limits the reorganization and packing in the TTF monolayers. 30 The steric hindrance of the bulky protective TIPS group controls the distance between the anchorage sites of the TTF units and leaves space between them resulting in a sort of frozen arrangement. 30 This would allow an easier solvation process/counter-ion penetration in the monolayers, decreasing the strength of attraction between the TTF 2+ units. Additionally, a shoulder-like system is observed at the second oxidation peak (located at the more positive potentials side) for the TTF linked 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 through the longest alkyl chains (TTF-C 5 and TTF-C 10 ) (Figure 1 ). This "extra" peak is even more visible for the TTF with the longest alkyl chain linker (C 10 ). The splitting of the oxidation/reduction peaks suggests the co-existence of "isolated" (lower potential) and "clustered" (higher potential) TTF 2+ species, the formation of "clustered" species being facilitated by the flexibility introduced by longer alkyl chains as observed for alkyl-ferrocene layer. 
Acceptor-donor Complexes between TTF-C n Monolayers and TCNQ Derivatives.
To examine the properties of charge-transfer complexes with the TTF layer on carbon, cyclic voltammograms of the TTF layers were recorded before and after immersion of the modified electrode in CH 2 Cl 2 solutions of TCNQ, TCNQF 2 and TCNQF 4 with increasing concentrations and after extensive rinsing with clean CH 2 Cl 2 . For the three layers, a considerable decrease of the oxidation peak currents is observed after exposure to the TCNQ derivatives solutions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 concentrations are above 2 -4 ×10 -3 mol L -1 . From the maximum current decrease, we could estimate that roughly 40 to 60 % of the immobilized TTF units become electrochemically silent after exposure to the TCNQ derivatives solutions. The observation of the current drop is the least intense for the layer with the short linker, indicating that a more flexible layer favors the phenomenon. For example, using TCNQF 4 as an acceptor, 40 % of TTF units become electro-inactive for the TTF-C 3 layer after immersion in the acceptor solution while more than 55 % for TTF-C 5 and TTF-C 10 are silent under the same conditions. In all cases, it was not possible to recover the initial electro-activity of the layer even after repeated cycling in a blank CH 2 Cl 2 solution; the cyclic voltammograms of the TTF layer remain unchanged.
Finally, as a test experiment, a comparable monolayer, but functionalized with undecylferrocene units, was exposed to the same TCNQF 4 solutions. No modifications of the voltammograms were observed after exposure of the modified surface to TCNQF 4 ( Figure   S2 ). All these observations indicate that the interactions between TTF and the TCNQ derivatives are strong and specific of the TTF layers. Importantly, this effect does not depend on the strength of the acceptor which can be quantified through its formal reduction potential. Similar current decreases were previously reported for self-assembled layer of thioalkyl TTFs onto a gold electrode surfaces in presence of acceptor molecules. 16 Authors suggested that this current drop results from a donor-acceptor interaction between the TTF and the TCNQ.
To further support this hypothesis, a key question is about the expected electrochemical response of a charge transfer complex involving TTF and TCNQ derivatives.
If these associations are commonly considered and described in the literature, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The electrochemical measurement was performed in 1:1 (v/v) ethanol/water mixture containing (+0.1 mol L -1 ) KPF 6 as supporting salt to limit the dissolution of the crystal in the solution. As a remarkable feature, the electrochemical signals of the TTF oxidation (or of the TCNQF 2 reduction) that are clearly detected in the pure TTF crystals, disappear in the TTF-TCNQF 2 charge-transfer crystal (Figure 3 ). These observations confirm that the charge transfer complex displays no electroactivity in the potentials range where the oxidation of TTF is observed, clearly supporting the assumption that charge transfer between the immobilized TTF and the TCNQ derivatives suppress their electrochemical activity as described above. This absence of electroactivity of the complex could be due to the strong activation energy that would be required to break the TTF-TCNQF 2 association, making the oxidation of TTF more difficult.
Indeed, a small signal around 0.2 V that could be ascribed to the TTF oxidation appears after scanning the potential scan with an expanded window (notably towards a more negative potentials excursion). Similar observations have been reported for TTF-TCNQ complexes as compacted pellets. 41 Large overpotentials were required to observe the electrochemical signature of TTF and TCNQ. Therefore, the remaining electrochemical activity observed with the TTF monolayers, after exposure to TCNQ derivatives solution, is probably due to the TTF units, which are not involved in the donor/acceptor interactions. To further confirm this puzzling behavior, the blocking properties towards electronic transfer of the TTF-C 10 monolayers, before and after exposure to the different acceptors, were studied. In that purpose, we used a classical electrochemical probe, dopamine that was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 A well-defined voltammogram is observed on carbon surfaces modified with TTF-C 10 (before exposure to acceptors), indicating the presence of pathways allowing the passage of dopamine through the TTF layer. After exposure to TCNQ derivatives, the oxidation of dopamine remains visible, but the peak-to-peak potential separations increase, the peak currents display a larger plateau-shape and their intensity are lowered. These observations
show that the passage of dopamine through the TTF layer becomes more difficult, corresponding to a more blocking character of the layer after exposure to a TCNQ derivative. 45 , 46 However, the magnitude of the variations in the dopamine oxidation signal are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Photoelectron spectroscopy (XPS), before and after exposure to the TCNQ derivatives, to gain a deeper understanding of the nature of the donor-acceptor complexation. The survey spectra exhibit substantial changes after the exposure of the TTF-C 10 monolayers to the TCNQ derivatives, indicating modifications in surface compositions ( Figure S6 ). Intense C1s peaks are detected at 285 eV due to the PPF substrate and to the TTF monolayers, whether complexed with TCNQ derivatives or not. N1s (at 400 eV) and S2p (at 164 eV) peaks that are fully characteristic to the organic monolayers are also observed. F1s peaks (at 688 eV) with significant atomic percentage could be identified for the TTF monolayers exposed to TCNQF 2 and TCNQF 4 . Accordingly, the fluorine atomic percentage is larger with TCNQF 4 than with TCNQF 2 . Trace levels of fluorine (< 1%) are also detected in the survey scans of TTF-C 10 monolayers and TTF-C 10 monolayers exposed to TCNQ (Table 2 ) probably due to a contamination at the samples during the deprotection step in the monolayer preparation. The N1s core level spectra could be decomposed into several components that take into account the triazole groups (i.e. two peaks at 399.9 eV (± 0.5) (N-N=N) and at 401.1 (± 0.5) eV (N-N=N), with a ratio of 1:2) 47 for the TTF-C 10 monolayers and the TCNQ derivatives for the exposed monolayers ( Figure 6 ). An important feature is the appearance of a shoulder-like peak at lower binding energy (398.5 (± 0.5) eV) for the monolayers exposed to TCNQF 2 and TCNQF 4 ( Figure 6 ). This could be ascribed to the presence of negatively Page 17 of 32
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 charged TCNQF 2 or TCNQF 4 molecules. 48 The low binding energy contribution is more pronounced for the monolayers exposed to TCNQF 4 , indicating that the monolayers are complexed with larger amount of negatively charged species. In sharp contrast, the TTF-C 10 monolayers exposed to TCNQ do not show this contribution and the decomposition gives a component at 400.4 (± 0.5) eV that is attributed to neutral TCNQ species (Figure 6) . 48 This component also contributes to the N1s signal of TTF-C 10 monolayer exposed to TCNQF 2 while being only a minor component for TTF-C 10 monolayer exposed to TCNQF 4 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 406  404  402  400  398  396 3.0x10 It is further interesting to focus on the signal corresponding to S2p for the four different samples. In all cases, the experimental signal exhibits the expected doublet structure due to spin orbit splitting that leads to S2p 3/2 and S2p 1/2 peaks ( Figure 6 ). For the TTF-C 10 monolayers unexposed and exposed to TCNQ and TCNQF 2 , the main doublet at 163.6 (± 0.5) eV (S2p 3/2 ) and 164.8 (± 0.5) eV (S2p 1/2 ) could be ascribed to the neutral TTF units ( Figure   6 ). 49 Interestingly, the TTF-C 10 monolayers exposed to TCNQF 4 , lead to a S2p doublet signal at 164.4 (± 0.5) eV (S2p 3/2 ) and at 165.6 (± 0.5) eV (S2p 1/2 ), hence significantly shifted to higher binding energy ( Figure 6 ). This result agrees well with the reported position of 
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 positively charged TTF molecules (TTF .+ ), 49, 50 (see table 3 and discussion below). In the TTF-C 10 monolayer exposed to TCNQF 2 , S2p signal does not allow to quantify confidently the two kind of TTF species (neutral and radical cation species) because the XPS resolution cannot mitigate the strong overlapping of these two signals. However, analysis of the N1s signal shows that 40 % anionic and 60% neutral TCNQF 2 species co-exist in the layer, supporting the formation of mixed neutral and ionic complexes.
Because of the fluorine contamination of the samples, only the N/S ratio was further considered to study more quantitatively the surface composition of the immobilized complexes. It is noticeable that the experimental ratio agrees well the theoretical expected ones for the TTF-C 10 monolayers before exposure to any of the TCNQ compounds. Different theoretical ratios were calculated in Table 3 depending on the stoichiometry of the donoracceptor complex. From comparison with the experimentally estimated ratio, it could be proposed that the immobilized TTF units form a complex with TCNQ or TCNQF 2 with a stoichiometry corresponding to one or two TTF for one TCNQ/TCNQF 2 while the chargetransfer complex TTF-TCNQF 4 involves one TTF for one or two TCNQF 4 . Obviously, some immobilized TTF units could be free of acceptor neighbors, especially in the case of TCNQ and TCNQF 2 , as reflect the experimental N/S ratios which are lower than the theoretical ones, whatever the proposed stoichiometries. Similarly, the lower N/S ratio obtained for complexes with TCNQF 2 than that for complexes with TCNQ suggest that there are less TCNQF 2 molecules interacting with the TTF units. It is worth outlining that these results fall in line with the different blocking behaviors toward dopamine of the TTF-C 10 monolayers exposed to the acceptors and with the decrease of the electrochemical activity of the layer. Thus, the strongest blocking behavior is observed for the TTF-C 10 exposed to TCNQF 4 . If there is more than one TCNQF 4 compounds around the TTF units, the resulting steric hindrance prevents the dopamine from accessing the carbon surface. The decrease of electroactivity of the layer through the ratio ip/ip TTF could be considered as a quantification of the strength of the association between the immobilized TTF and the different acceptors in relation with the 2D organization probably driven by the ionic, neutral or mixed nature of the charge-transfer complexes.
CONCLUSION
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